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Introduction
Worldwide, approximately 86 million tonnes of Brassica vegetable crops are grown annually (FAOSTAT, 2013) . These crops are attacked by a wide range of pest Lepidoptera and in tropical and sub-tropical regions of Africa, Asia and Oceania Crocidolomia pavonana (F.) (Lepidoptera: Crambidae) is a major constraint to production (MoralloRejesus and Navasero-Ward, 2003; Karungi et al., 2010; Muniappan and Marutani, 1992; Sastrosiswojo and Setiawati, 1992; Shepard and Schellhorn, 1997; Srinivasan and Veeresh, 1986) . The pest is considered to be native to Asia and Africa (Waterhouse and Norris, 1987) , but it is now widely distributed through tropical and subtropical regions of central and southern Africa, Madagascar, south, southeast and east Asia, the Indian Ocean, eastern Australia and the islands of the South Pacific (CABI, 2013) .
Crocidolomia pavonana lays eggs at night in egg masses of variable sizes (10->100 eggs) and when reared on head cabbage (Brassica oleracea L. var. capitata) female fecundity has been estimated at 350 eggs (Sastrosiswojo and Setiawati, 1992) . Eggs are usually laid at the edge or margin of the lower surface of foliage and, prior to head formation, ≈ 90% of egg masses are laid on the upper leaves of plants (Takeuchi et al., 2009 ). Upon hatching, larvae feed gregariously near the site of oviposition before moving towards the plant meristem where they feed under silk webbing on the growing tips or on the young unexpanded leaves (Takeuchi et al., 2009 ). This feeding pattern can result in the destruction of young plants, rendering attack by C. pavonana a particularly serious problem (Takeuchi et al., 2009 ). All stages of host plants are susceptible to attack by C. pavonana and major yield losses can occur if the pest population is not suppressed (Morallo-Rejesus and Navasero-Ward, 2003) . Although immature plants are especially susceptible to C. pavonana attack, single larvae can destroy more mature plants by mining into the heads (Morallo-Rejesus and Navasero-Ward, 2003; Smyth et al., 2003) . When larval development is complete, insects either pupate within folds in host plant leaves or, more commonly, pre-pupae move to the soil surface before burrowing to establish pupation chambers to depths of up to 10 cm below the surface (Singh and Rawat, 1983) .
Crocidolomia pavonana is relatively susceptible to most commonly used insecticides, and the widespread use of synthetic insecticides following the Second World War diminished its status as the principal insect pest of Brassica crops in tropical and sub-tropical regions of the Old World (Ankersmit, 1953) . Throughout its host range C. pavonana frequently co-occurs with the serious Brassica pest Plutella xylostella L.
(Lepidoptera: Plutellidae) (Furlong et al., 2013) . Effective management strategies based on the adoption of selective insecticides and the establishment of solitary larval parasitoids (Diadegma semiclausum Hellén (Hymenoptera: Ichneumonidae) in temperate and highland tropical regions and Cotesia vestalis Halliday (Hymenoptera: Braconidae) in lowland regions of the tropics) have been developed for P. xylostella (Furlong et al., 2013) . This complicates management, as although appropriately targeted selective insecticides can effectively suppress C. pavonana populations, the use of nonselective compounds can severely disrupt the natural enemies of P. xylostella, leading to resurgence of this severe pest. The emphasis on reduction of broad-spectrum insecticide use in Brassica crops to promote P. xylostella biological control (Furlong et al., 2004a,b) has renewed interest in C. pavonana field biology and ecology in the tropics as integrated strategies for the management of the lepidopteran pest complexes attacking Brassica vegetable crops are desperately required.
The natural enemies attacking C. pavonana have not been well documented anywhere in its range, and although there have been reports of larval parasitoids attacking the pest in the Philippines (Barrion et al., 2003) , Indonesia (Shepard and Schellhorn 1997) , Papua New Guinea (Saucke et al., 2000) , India (Singh and Rawat, 1980) and southern Africa (Gunn, 1925; Smee, 1942) parasitism rates are invariably low, and pest populations are not suppressed satisfactorily. Similarly, although egg parasitoids have been recorded attacking C. pavonana in the Philippines (MoralloRejesus et al., 1996) , Indonesia (Shepard and Schellhorn, 1997; Buchori et al., 2010) and Papua New Guinea (Saucke et al., 2000) , the associations appear to be incidental and parasitism rates are very low.
In this study we record the generalist egg parasitoid Trichogramma chilonis Ishii (Hymenoptera: Trichogrammatidae) attacking C. pavonana in the field in Samoa. This is the first record of egg parasitism of C. pavonana in Samoa, and only the second reported association between these two species; Saucke et al. (2000) reared a single T. chilonis from C. pavonana in Papua New Guinea. The impact of this population of T. chilonis on C. pavonana egg populations was investigated in field recruitment studies conducted over a three-year period, and extensive surveys recorded the incidence of the pest and parasitoid in the main Brassica growing regions of Upolu island, Samoa. The potential of the parasitoid for development as a biological control agent is discussed, and the complicated issues of T. chilonis species identity, status and distribution are reviewed briefly. Plots were typically maintained for 12 weeks after transplanting, which enabled a continuous crop to be maintained at the research station for most of the duration of the study.
Materials and methods

Experimental field sites
Throughout the study daily rainfall and maximum and minimum temperatures were recorded at a nearby weather station.
Pest and parasitoid sampling
Experimental plots at Nu'u Crops Research Center were sampled at least two times per week from transplanting until they were 10-12 weeks old; on occasions the planting of the new crop was delayed and in these circumstances the original crop was maintained for up to 14 weeks after transplanting. There were short periods when no crop was grown. On each sampling occasion 30-60 plants were carefully inspected by hand and the number of C. pavonana egg masses and first instar larvae on each inspected plant recorded.
Between June 2011 and November 2013 cabbage and Chinese cabbage crops on farms in the main Brassica growing region of Aleisa, in the area close to Nu'u Crops Research Center and on the north coast of Upolu were periodically surveyed for C. pavonana. At each survey site 100-300 plants were examined and all C. pavonana egg masses were collected and taken back to the laboratory for rearing to determine if they were parasitized.
Egg parasitoid collection and identification
During the experiments at Nu'u, C. pavonana egg masses were periodically collected from the field and held singly in Petri dishes (9cm diameter) until larvae hatched or blackened eggs appeared. Egg masses containing blackened eggs were then transferred individually to gelatin capsules (20mm x 7.5mm) until adult parasitoid wasps emerged.
Ten individual wasps that were reared from ten discrete field-collected C. pavonana egg masses (eight egg masses field-collected in late 2007 and two egg masses field-collected in September 2013) were squashed onto separate Whatman ® FTA ® PlantSaver Cards (Whatman Inc., Florham Park, NJ). The cards were dried and then shipped under ambient temperatures to the University of California, Riverside, USA for identification.
Each individual wasp was removed from the FTA ® card as a 1.2 mm diameter disc, which was subsequently transferred to a 0.2 mL PCR tube. Individual discs were incubated in 8 200 µL FTA ® Purification Reagent for 5 min at room temperature, and then washed with 200 µL of TE 0.1 for a further 5 min, again at room temperature. FTA ® discs were then allowed to air dry for at least 30 min before being used directly as template in the PCR reaction. The ITS2 spacer of the wasps was amplified using the primers and reaction conditions described by Stouthamer et al. (1999) . PCR products were purified and direct sequenced at the Genomics Core of the University of California, Riverside. The ITS2 sequences of the specimens were then compared with the known sequences present in GenBank using BLAST.
Adult male wasps that emerged from egg masses collected in late 2007 were examined microscopically. Specimens were placed in an aqueous mixture of glacial acetic acid, lactic acid and phenol for 6-12 h to clarify them (Lin, 1994) . They were then transferred to a cavity microscope slide, mounted in Hoyer's medium, and under a stereomicroscope, the body wall was removed with a fine needle to expose the genitalia. Mounted specimens were covered with a glass coverslip and examined under a compound microscope (x1000 magnification); images were taken with a digital camera (Canon G10 (14.7 megapixels, x5 optical zoom).
Recruitment of C. pavonana and T. chilonis
Detailed mapping of C. pavonana egg masses was conducted in experimental plots at Nu'u on 7 occasions between September 2007 and December 2009. Each plant in a defined grid of plants (n=36-380) within an experimental plot was searched thoroughly for C. pavonana egg masses. Each egg mass that was discovered was marked and its location on the plant and the location of the plant within the grid of plants selected for the survey were recorded. All plants within the survey grid were then revisited on successive days, new egg masses were marked and the status of previously marked egg masses was recorded. Three days after they were marked, individual egg masses were placed into containers and returned to the laboratory for rearing to assess mortality and parasitism. The number of eggs recruited to the population during the study was estimated by multiplying the mean number of eggs per surviving egg mass by the total number of egg masses sampled on experimental plants; total egg disappearance was estimated in a similar manner. The number of eggs parasitized by T. chilonis was measured directly by counting the number of parasitized eggs in each egg mass after rearing in the laboratory. Marginal rates of egg disappearance and T. chilonis parasitism were calculated using the methods described by Furlong et al. (2004a) .
In December 2009, the adult parasitoids that emerged from 10 field collected egg masses were collected. Each parasitoid cohort was examined separately under a binocular light microscope (Meiji, x10) and the number of male and female wasps present in each was determined based on antennal structure.
Results
1 Pest and parasitoid sampling
Crocidolomia pavonana egg masses were recorded in all cabbage crops planted for the study at Nu'u (Fig. 1) . The density of egg masses varied widely, from a mean of 28.6 densities were typically higher in the drier months of May-October than in the wetter months of November-April (Fig. 1) In Brassica farm investigations conducted 2011-2013, T. chilonis was reared from C.
pavonana collected in all three regions surveyed (Fig. 2) . In the 28 surveys conducted T.
chilonis was reared from egg masses collected on 17 occasions and up to 87% of egg masses were attacked (Fig. 2) . Most surveys were conducted during peak Brassica production times (June-October), when C. pavonana densities are typically higher, but
T. chilonis was also reared from C. pavonana egg masses collected from crops in January and April (Fig. 2) .
Egg parasitoid collection and identification
All ten parasitoid specimens sequenced had identical ITS2 DNA sequences that belonged to the species Trichogramma chilonis Ishii (Hymenoptera: Trichogrammatidae).
Similarly, the morphology of the male genitalia (Fig. 3) was typical of T. chilonis (Nagarkatti and Nagaraja, 1971 , 1977 , 1979 .
Recruitment of C. pavonana and T. chilonis
In the seven field studies conducted between September 2007 and December 2009 ( Fig.   1 ), T. chilonis was recovered from field collected C. pavonana egg masses on five occasions (Table 1) . In these studies, the marginal rate of egg disappearance ranged from 0-0.839 and the marginal mortality due to T. chilonis parasitism ranged from 0-0.474 (Table 1) . Across all these studies, total egg mortality rates ranged from 0.147-0.847 (Table 1 ).
In the 10 egg masses examined in the laboratory the female: male sex ratio ranged from 2.33: 1 to 10:1; overall the female: male sex ratio was 5.4: 1 (n= 128 adult parasitoids).
Discussion
Crocidolomia pavonana egg masses were recovered throughout the study, but their density fluctuated significantly over time and, in general, higher numbers of egg masses were found during drier periods (May-October) than during wetter periods of the year (November-April) (Fig. 1 ). In the two and a half year farm surveys (2011-2013) C.
pavonana egg masses and T. chilonis were also recovered from all regions studied and the parasitoid was recovered in January, April and all months from June through to December (Fig 2. ). This indicates that T. chilonis is well established in the Brassica growing regions of Upolu and that it can attack the pest during periods when crop production is low and C. pavonana host densities are typically reduced (Fig 1) .
Trichogramma chilonis is highly susceptible to insecticides (Wang et al., 2012) , the use of which on Brassica farms in Samoa is typically very high. Both the incidence of the parasitoid and its impact on pest populations would likely increase significantly if insecticide use in Brassica production could be reduced through the adoption of selective insecticides and more integrated approaches to pest management.
In the recruitment studies, when T. chilonis was recorded attacking C. pavonana egg masses, the marginal mortality that it caused ranged from 0.143-0.474 and in four out of five cases it was the most important egg mortality factor (Table 1) . Effective natural enemies of C. pavonana are typically lacking in Brassica agro-ecosystems (e. g. Barrion et al., 2003; Morallo-Rejesus et al., 1996; Saucke et al., 2000; Shepard and Schellhorn, 1997) leading to frequent application of insecticides that can disrupt the natural enemies of P. xylostella (Furlong et al., 2013) . Consequently the discovery of a parasitoid with the potential to suppress C. pavonana populations could have significant environmental and economic impacts in Samoa, neighboring Pacific island countries and other regions of the world where C. pavonana is an important pest.
Trichogramma chilonis has been recorded from a wide range of Lepidoptera hosts worldwide (Table 2 ) and in the Asia-Pacific region it has been recorded in China (Liu et al., 2000) , Fiji (Hinckley, 1964) , Guam (Nafus, 1993) , Hawaii , Indonesia (Herlinda, 2005) , Japan (Ishii, 1941) , New Caledonia (Cochereau, 1977) , Palau , Papua New Guinea (Saucke et al., 2000) , Philippines (Litsinger et al., 2007) and Taiwan (Nagarkatti and Nagaraja, 1971) . However, significant taxonomic uncertainty surrounds many species within the genus Trichogramma (Noyes et al., 2000) and it is generally accepted that many of the records published before 1970 are unreliable (Polaszek, 2010; Noyes, 2013) . Specifically, there has been considerable taxonomic confusion between T. chilonis, T. australicum and T. confusum (Nagarkatti and Nagaraja 1979). Following examination of syntype material of T. chilonis Ishii, Nagarkatti and Nagaraja (1979) concluded that the Asian specimens of T. australicum that they had described previously (Nagarkatti & Nagaraja 1971) and T. confusum
Viggiani were younger synonyms of T. chilonis Ishii (Ishii 1941). Further, based on examination of the male syntype of T. australicum Girault, Pinto et al. (1982) concluded that this species is likely to be endemic to Australia and that published records of T.
australicum from outside the continent are probably T. chilonis. In many reports "chilonis" has also been incorrectly spelled, compounding the historical taxonomic errors and resulting in further confusion in the literature (Polaszek, 2010) . In the present study, specimens were positively identified as T. chilonis Ishii based on both morphological characteristics of male genitalia (Nagarkatti and Nagaraja, 1971 , 1977 , 1979 and ITS2 DNA sequences (Stouthamer et al., 1999) . As such we are confident that the parasitoid attacking C. pavonana in Samoa conforms to the current conventions that define T. chilonis.
Trichogramma chilonis has been recorded in many countries where C. pavonana is abundant; e.g. Guam (Nafus and Schreiner, 1986ab) , Fiji (Hinckley, 1964) , India (Kumar et al., 2009), Indonesia (Herlinda, 2005) , Japan (Ishii, 1941; Iga, 1985) , Papua New Guinea (Saucke et al., 2000) and Taiwan (Chan and Chou 2000; Nagarkatti and Nagaraja 1971), but it has not yet been recorded causing significant parasitism in the pest anywhere other than Samoa. Indeed in Fiji, extensive sampling of C. pavonana eggs has failed to detect any egg parasitoids attacking the pest (Furlong, 2011) and, although T.
chilonis has been reported attacking P. xylostella in Japan (Iga, 1985) and Taiwan (Chan and Chou, 2000; Nagarkatti and Nagaraja, 1971) , there are no published records of it attacking C. pavonana in these countries. Thus, unraveling the ecological reasons for the success of T. chilonis against C. pavonana in Samoa will be intriguing and fundamental to any attempts to develop the parasitoid as a biological control agent. Different populations of T. chilonis are known to have different efficacies against P. xylostella (Tabone et al., 2010) and similar studies to compare the efficacy of the Samoan T.
chilonis population with that of other T. chilonis populations against C. pavonana will be important. Similarly, it will be important to determine the relationship between the Samoan T. chilonis population and P. xylostella.
The Samoan population of T. chilonis appears to have great potential for development as a biological control agent for C. pavonana, a pest that has few known natural enemies worldwide. However, considerable further research is required to i) establish the host range of the parasitoid, ii) understand the importance of possible alternative hosts in Samoa (e.g. Nacoleia octasema (Meyrick), Eudocima fullonia (Clerck), Hippotion celerio (L.) and Agrius convolvuli (L.), all are common in Samoa (Hopkins, 1928; Kami and Miller, 1998; Sands et al., 1993) and recorded as hosts of T. chilonis elsewhere in the Pacific), iii) determine whether thelytokous as well arrhenotokous forms occur within the Samoan population, iv) develop suitable mass production techniques and appropriate release strategies and v) promote the adoption of low insecticide input pest management strategies to encourage T. chilonis establishment and maximize its impact on pest populations in commercial crops. Furlong et al. (2004b) . 
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